ABSTRACT. Recombination patterns can be indirectly inferred by means of linkage disequilibrium (LD) estimates, since LD is negatively correlated with genetic distance. However, LD does not necessarily have absolute correspondence with genetic distance. We estimated LD at 5 loci located in the 21q22.3 region. These STRs (D21S1440, D21S168, D21S1260, D21S1446, and D21S1411) covered 8.81 Mb of the 21q22.3 region. They were genotyped by conventional PCR. Similar size samples previously validated by sequencing were used as a genotyping control. Three hundred and sixty-nine individuals (62 families) living in Guadalajara, Mexico, were included. As an inclusion criterion, each family had a positive paternity test by autosomal markers for the CODIS core loci. Two hundred and thirty phase known haplotypes were identified by familial segregation. Only those haplotypes whose frequency was higher than 4% were taken into account for LD estimation, expressed as Lewontin's D' coefficient and Bonferroni's correction P values. For all 5 loci, the genetic distributions were in agreement with Hardy-Weinberg expectations. Heterozygosity and haplotype diversity were ≥0.69 and 99.58%, respectively. D21S1440-D21S168 (4.51 cM) and D21S1446-D21S1411 (4.58 cM) marker haplotype frequencies were significantly different from those expected by random distribution. The remaining haplotypes, including those with minimal inter-distance (D21S1260-D21S1446, 1.44 Mb), did not show LD. The 5 STRs at the 21q22.3 region in this Mexican population showed a non-homogeneous LD pattern, which demonstrates that recombination or linkage should not be assumed solely on the basis of genetic distance.
INTRODUCTION
It is well known that recombination pattern varies according to gender, genomic regions and populations, among other factors. This is true for the chromosome 21q region, where diverse recombination rates are observed and which contains the Down syndrome critical region (DSCR), located from 21q22.2 to 21q22.3 (Antonarakis et al., 2004) . In addition to be related to Down syndrome, DSCR is of interest as some genes within this region have been associated with cancer (Hwang et al., 2008) , diabetes (Concannon et al., 2008) , and other disorders.
Recombination patterns may be inferred by the estimation of linkage disequilibrium (LD), since LD is negatively correlated with genetic distance. Because of the existence of hot spots that decrease the probability of association between 2 flanking sequences that include alleles of 2 genetic loci (Morton, 2005) , LD does not necessarily have an absolute correspondence with genetic distance. LD estimation may also be influenced by factors such as polymorphism types and statistical methods for LD calculation. In this regard, informativity and other population parameters are presented in this study, as well as the LD pattern of 5 short tandem repeat (STR) markers within the DSCR, which covers 8.81 Mb (16.96 cM) in the 21q22.3 region in a Mexican population. The knowledge of LD patterns could be useful in future association studies, particularly involving the DSCR, where it has been proposed that some haplotype combinations could explain the clinical variability seen in Down syndrome (Kerstann et al., 2004) .
MATERIAL AND METHODS
The present study included 369 healthy individuals living in Guadalajara, Jalisco, Mexico. They included 115 parents and 254 children from 62 families. Each family had a positive paternity test by autosomal markers from the CODIS core loci (paternity index >10,000), non-consanguineous parents, and at least 2 children.
Linkage disequilibrium at the 21q22.3 region
Ethical considerations
Informed written consent was obtained from all individuals before enrollment in the study, according to the ethical guidelines of the Declaration of Helsinki amended in 2008.
Genotyping
Five informative STRs [each marker with expected heterozygosity (H E ) >0.74] were genotyped in 369 individuals by conventional PCR: D21S1440, D21S168, D21S1260, D21S1446, and D21S1411 (namely S1, S2, S3, S4, and S5, respectively) located at 21q22.3. Marker order was based on genetic distance (ALFRED, 2012; NCBI, 2013) . Primer sequence, melting temperature, and other technical characteristics of the markers are presented in Table  1 . For genotyping, 10 ng genomic DNA was used in a total volume of 10 μL containing 1X PCR buffer, 1.5 mM MgCl 2 , 100 μM dNTPs, 0.03 U Taq polymerase (Invitrogen, Carlsbad, CA, USA), and variable primer concentration (0.8 µM S1, S3 and S4; 0.20 µM S2 and S5). Electrophoresis was carried out using 7 (tri-and tetranucleotide markers) or 10% (dinucleotide markers) polyacrylamide gels and silver staining. Allele identification was done by using a 10-bp (Invitrogen) and homemade allelic ladders containing pooled samples (Pacek et al., 1993) . In addition, as genotyping control, we used some similar size samples previously validated by sequencing (ABI PRISM 377 Genetic Analyzer, Applied Biosystems, Foster City, CA, USA). 
Statistical analysis
Allele frequency, derived from observed genotype counts, and parental genotype proportions were compared with those of Hardy-Weinberg expectations (HWE) by a chi-square test. Qualitative data were analyzed with the chi-square test or the Fisher exact test, where P = 0.05 was the statistically significant threshold. Parental haplotypes were determined by family segregation (looking at transmission of markers, two by two loci, in the offspring). LD was expressed as Lewontin's D' corrected coefficient. Bergholdt et al. (2005) and Ziegler and Koenig (2006) recommend not including either observed or expected haplotype frequencies lower than 3% in the analysis to exclude the low haplotype frequency bias. Considering the sample size, we set up a cutoff of 4% to make the analysis more stringent. In addition, the P values were adjusted with Bonferroni's correction for multiple testing (Lander and Kruglyak, 1995) . 
RESULTS
Allele frequencies in parents, H E , and P values for HWE are presented in Table 2 . Genotype distribution for all 5 loci did not deviate from HWE (P > 0.05). The most informative STR was S5 (14 alleles, H E = 0.89) and the least informative was S1 (5 alleles, 0.69). Linkage disequilibrium at the 21q22.3 region Eight haplotypes were observed twice (8-19-15-7-21, 8-20-13-7-26, 10-20-13-7-23, 10-20-13-7-25, 10-20-13-8-25, 10-20-15-10-20, 10-20-16-10-24 , and 10-21-13-7-25), while the other haplotypes were observed only once (data available upon request).
Haplotype distribution comparisons (those obtained by family segregation vs inferred) showed minor differences, because some haplotypes were only seen in family pedigrees. From 230 haplotypes, ≤158 had a frequency higher than 4% and were considered for LD analysis.
Pairwise inter-distance and LD data are presented in Figure 1 and Table 3 , respectively. Significant two-site LD values were found for S1-S2 (LD' = 0.1954, P = 0.002) and for S4-S5 (LD' = 0.2800, P = 0.0065). Other marker combinations, even S3-S4 with the smallest inter-distance, did not show LD, and thus, the independent segregation hypothesis could not be rejected. Haplotype data by gender are presented in Tables 4 and 5 . These distribution comparisons did not yield significant differences. Genetic inter-distance of 5 short tandem repeats on chromosome 21. Genetic distance is reported as cM, between pair-site combinations. The minimal distance was between S3-S4 (1.44 cM) and the maximal was between S1-S5 (16.96 cM).
(S1-S2) a n Haplotypes with a frequency <4% were pooled; however, they were not considered for LD interpretation. c S4-S5, P c < 0.0083. Significant P values are in bold. NA = not applicable. P c = P value adjusted with Bonferroni's correction. 
DISCUSSION
There are limitations for direct analysis of recombination rates. For instance, large human pedigrees, desirable for obtaining a large number of informative meiosis events, are scant; spermatozoa analysis provides data only in males, while oocyte manipulation demands high and cutting-edge technology (Jeffreys et al., 2000; Tiemann-Boege et al., 2006) . Therefore, indirect LD estimation methods are commonly used to infer recombination. LD analysis has also provided valuable information in studies on human population divergence, disease association, and gene candidate identification (Sved et al., 2008; Zhang et al., 2009; Beuten et al., 2011; Li et al., 2012) .
In this study, marker informativity was high (H E >0.69), and 93% of haplotypes were identified by segregation in families. There was no evidence of LD in haplotypes at 5 loci, as can be foreseen on the basis of high haplotype diversity (99.58%). Haplotype comparisons (segregation in families vs inferring) showed minimal differences with some rare haplotypes only observed in families. This makes sense since the Arlequin ® software is based on expectation-maximization, a robust algorithm against deviations from HWE, but it does not handle a large number of loci or detect rare haplotypes (Ziegler and Koenig, 2006) . The present results suggest that both haplotype identification methods are reliable enough for haplotype and frequency estimates for the multiallelic loci used here.
LD, as it happens with recombination rates, is irregularly distributed across the genome, and it is influenced by factors such as population type (O'Connor et al., 2011) , DNA sequence (Fullerton et al., 2001) , number of transcriptional factors (Dawson et al., 2002) Haplotypes with a frequency <4% were pooled. density, gene function and chromosome length (Smith et al., 2005) , and epigenetic effects (Jeffreys et al., 2000) . It has been suggested that LD is likely to be found at distances <1 cM between two loci, (Ziegler and Koenig et al., 2006) ; longer inter-spaces, as in this study, make it improbable to detect LD. Notwithstanding, the present results suggest linkage between S1-S2 and S4-S5, with inter-distances >4 cM. Analogous findings have been seen at more than 3 map units (Gordon et al., 2000; Service et al., 2001) . Otherwise, neither the highest D' values nor the least marker inter-distance was significant. For instance, haplotype 12-27 at S1-S5 disclosed 100% D' (P < 0.00001), but had a low frequency (data not shown); S3-S4, the two closest STRs, showed no significant LD. No significant differences were found in haplotype distribution by gender (Tables 4 and 5 ).
To summarize, only 2 of the 4 paired STRs showed significant LD, where they showed the shortest distances within the region studied. The lack of significant D' between internal pairs can be indirectly explained also by crossover interference (Zhao et al., 1995) . The nonhomogeneous LD estimates in the 21q22.3 region in this report stress the importance of not determining LD solely on the basis of genetic distance.
As stated above, LD estimates can be used for gene localization and association mapping (Morton, 2005) . In the context of complex diseases, haplotype analyses could be more useful (and less expensive) than single marker studies, since explanations such as 2 or more cisacting mutations can be better derived from the former (Ziegler and Koenig, 2006 ). An analogous approach could be applied in trisomy association studies. For instance, considering the possibility of Down syndrome clinical and complication heterogeneity due to allele variation and combination (Kerstann et al., 2004) , this variation is expected to correlate with haplotype diversity and distribution at DSCR, hence, the relevance of haplotype studies, such as the present one in DSCR. Knowledge of the distribution of LD in particular genomic regions, concentrating first on small fractions of the genome, will provide better designs in large-scale studies.
